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Abstract. Two magnetic hole events observed by Polar on
20 May 1996 when it was in the polar cap/polar cusp bound-
ary layer are studied. Low-frequency waves, consisting of
nonlinear Alfv´ en waves and large amplitude (±14nT peak-
to-peak) obliquely propagating proton cyclotron waves (with
frequency f ∼0.6 to 0.7fcp), accompanied by electric bipo-
lar pulses (electron holes) and electron heating have been ob-
served located within magnetic holes. It is shown that low-
frequency waves can provide free energy to drive some high
frequency instabilities which saturate by trapping electrons,
thus, leading to the generation of electron holes.
1 Introduction
Magnetic holes observed in the vicinity of the magnetopause
are characterized by steep local decreases in the magneto-
spheric magnetic ﬁeld magnitudes (Cummings and Coleman,
1968; Sugiura et al., 1969). These structures contain en-
hanced plasma densities maintaining pressure balance (L¨ uhr
and Kl¨ ocher, 1987; Treumann et al., 1990; Stasiewicz et al.,
2001). The magnetic hole-like structures have also been ob-
served on auroral zone magnetic ﬁelds, and these have also
been called magnetic cavities and magnetic bubbles. Low
frequency electromagnetic turbulence often accompanies the
magneticholes. Treumannetal.(1990)havereportedthatthe
magnetic holes contain electromagnetic waves with frequen-
cies up to several times the ion cyclotron frequency which
may be either whistler waves or ion cyclotron waves.
Stasiewicz et al. (2001) have analyzed waves in the
0–30Hz frequency range and have argued that these waves
are Doppler-shifted kinetic Alfv´ en waves (KAWs). They
suggested that the magnetic holes are created by a tearing
mode reconnection process. Pickett et al. (2002) have ana-
lyzed the wave turbulence in the outer cusp boundary layer
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and found that the E/B ratios did not exactly ﬁt the kinetic
Alfv´ enwave(KAW)dispersioncurve(contrarytoStasiewicz
et al., 2001). They concluded that the waves might be a
mixture of dispersive KAWs and perhaps lower hybrid tur-
bulence.
Angelopoulos et al. (2001) have found that the low fre-
quency wave power is consistent with 2-D turbulence with
phase velocities smaller than the spacecraft speed and fre-
quency as low as or lower than the oxygen gyrofrequency.
They conclude that these waves cannot resonate with and
heat the ions.
Recently, Tsurutani et al. (2003) have examined two mag-
netic hole events in detail using a full complement of Polar
ﬁeld and plasma data on 20 May 1996 when Polar was in the
polar cap/polar cusp boundary layer. They found isotropic
electron heating, accompanied by nonlinear Alfv´ en waves,
large amplitude (±14nT peak-to-peak) obliquely propagat-
ingprotoncyclotronwaves(withfrequencyf∼0.6to0.7fcp),
and electric bipolar pulses (electron holes), located within
magnetic holes/cavities/bubbles. The purpose of this paper
is to show that low-frequency waves can provide the free en-
ergy needed to drive some high frequency instabilities which
saturate by trapping electrons, thus, leading to the generation
of electron holes.
2 Observations
2.1 Alfv´ en waves
From the analysis of three component magnetic ﬁeld and
plasma data from Polar, Tsurutani et al. (2003) identiﬁed two
magnetic hole events which occurred on 20 May 1996 dur-
ing the interval 08:25:17.2 to 08:26:06.4 UT and 08:26:39.8
to 08:27:28.9 UT, respectively. The Polar satellite happens to
be in the polar cap/polar cusp boundary layer at these times.
The high-time resolution data from the Magnetic Field Ex-
periment (Russell et al., 1995) on Polar are shown in Fig. 1.206 G. S. Lakhina et al.: Association of Alfv´ en waves and proton cyclotron waves with electrostatic bipolar pulses
Fig. 1. High time resolution magnetic ﬁeld data from the Magnetic Field Experiment (MFE) on Polar on 20 May 1996. The two panels
display the magnetic ﬁeld components around two magnetic hole intervals in minimum variance coordinates. The interval 08:25:17.2 to
08:26:06.4 UT deﬁnes the ﬁrst magnetic hole event. The second magnetic hole occurred in the interval from 08:26:39.8 to 08:27:28.9 UT.
In each panel the interval between the two vertical dashed lines were used to deﬁne the minimum variance coordinate system (taken from
Tsurutani et al., 2003).
The ﬁeld components are given in a minimum variance co-
ordinate system, where B1, B2 and B3 are the components
along the maximum, intermediate, and minimum variance
directions, respectively. Dashed vertical lines include inter-
vals where the minimum variances were calculated. The left-
and right-panels correspond respectively to the ﬁrst and sec-
ond magnetic hole events. For the ﬁrst hole event, assuming
that this whole interval is one cycle of a wave, the wave in the
ﬁrst magnetic hole is found to be linearly/elliptically polar-
ized (λ1/λ2=8.4) and is propagating at a ∼79◦ angle relative
to the ambient magnetic ﬁeld. There are higher frequency
waves superposed on this low frequency wave. For the case
of second magnetic hole event, the wave is elliptically polar-
ized (λ1/λ2=3.9) and is propagating at ∼54◦ relative to B0.
In the above, λ1 and λ2 are the maximum and intermediate
eigenvalues of the covariance matrix.
The power spectra of the magnetic ﬁeld for these magnetic
holes showed more or less a steep power law (f−2.3) extend-
ing from 5×10−2 Hz to 7×10−1 Hz and a noticeable peak at
∼2Hz.
2.2 Electromagnetic ion cyclotron waves
Tsurutani et al. (2003) analyzed the output (above ∼1Hz) of
the low-frequency waveform receiver (LFWR) of the Plasma
Wave Instrument (Gurnett et al., 1995) on Polar for the above
two magnetic hole events. They found evidence of large am-
plitude obliquely propagating electromagnetic ion cyclotron
waves with a mixture of left- hand and right-hand polar-
ization. Their results corresponding to the time interval of
08:25:57.853 to 08:26:02.493 UT on 20 May 1996 which
is inside the ﬁrst magnetic hole event are shown in Fig. 2.
The data are plotted in ﬁeld-aligned coordinates, where ˆ z
is in the direction of the magnetic ﬁeld, ˆ y is in the dawn-
dusk direction orthogonal to ˆ z, and ˆ x completes the right-
hand coordinate system. The top three panels show the elec-
tric ﬁeld components and the lower three panels the mag-
netic ﬁeld components for ﬂuctuations above 1Hz. From the
bottom 3 panels, it is clear that there is the presence of large
amplitude electromagnetic waves. The transverse magnetic
ﬁeld components are as large as ∼14nT peak-to-peak, and
there is a signiﬁcant parallel component of ∼7nT peak-to-
peak. The average wave frequency is 2.3Hz. The local pro-
ton cyclotron frequency is 3.05Hz, so the wave frequency
is 0.75fcp. Figure 2 also indicates the presence of intense
electrostatic waves within the interval. At 08:26:02.333 to
08:26:02.493 UT, waves with peak-to-peak amplitudes of
∼6mV/m are present. These waves have a frequency of
∼31Hz. Because the bandpass for this channel rolls off at
25Hz (the 3dB point), the true wave amplitudes may be sig-
niﬁcantly larger.
2.3 Electrostatic bipolar pulses (electron holes) and high-
frequency waves
Analysis of the data from the PWI high frequency waveform
receiver (HFWR) show that the waveform and power spec-
tral density of the waves changes over very short time scales
(∼10ms or so) inside the magnetic holes. Tsurutani et al.
(2003) detected electric bipolar pulse (electron hole) onset
inside the magnetic holes during the electron heating events
associated with the magnetic holes. The growth rate of the
bipolar pulses from onsets to attaining the peak amplitudes
were found to be ∼0.25fce, where fce is the electron cy-
clotron frequency. The peak-to-peak amplitudes of the Ek
signal were found to be ∼2 to 9mV/m. The Ek signals
were sometimes accompanied with a transverse (E⊥) elec-
tric component of ∼3–4mV/m. In Figs. 3 and 4 we show the
waveform plots obtained from high time resolution HFWR
data selected from the ﬁrst and second magnetic hole events.G. S. Lakhina et al.: Association of Alfv´ en waves and proton cyclotron waves with electrostatic bipolar pulses 207
Fig. 2. Low frequency waves during the ﬁrst magnetic hole interval.
The bandpass is 1Hz to 25Hz. The coordinates are magnetic ﬁeld-
aligned. Electromagnetic waves with peak-to-peak amplitudes as
large as ∼14nT are detected. The waves are a mixture of left-hand
and right-hand polarization as detected in the spacecraft frame. The
∼2.3Hz waves occur at ∼0.75fcp and are thus believed to be pro-
ton cyclotron waves (taken from Tsurutani et al., 2003).
In both Figures, the data are plotted in ﬁeld-aligned coor-
dinates, as described above. The top three panels show the
electric ﬁeld components and the lower three panels the mag-
netic ﬁeld components for ﬂuctuations above 20Hz.
Figure 3 corresponds to the time interval of 08:25:45.145
to 08:25:45.202 UT on 20 May 1996 and is contained within
the time period of the ﬁrst magnetic hole event. The paral-
lel electric ﬁeld component shows bipolar and off-set bipo-
lar pulses (panel 3) with peak-to-peak amplitudes of ∼3–
6mV/m. The transverse electric components (panels 1 and
2) have smaller amplitudes and they show modulations with
different periods. All the three magnetic components show
slow modulations. The slow modulations appears to be near
the lower hybrid frequency (∼150–200Hz), but we cannot
be absolutely certain as these are not resolved very well be-
cause of their being close to the lower end of the band pass
ﬁlter. The two perpendicular magnetic components have out-
of-phase modulations.
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Fig. 3. Shows the waveform plots from high time resolution HFWR
data for the interval of 08:25:45.145 to 08:25:45.202 UT. The data
illustrate waves present during the ﬁrst magnetic hole event in ﬁeld-
aligned coordinates. The top three panels show the electric ﬁeld
components and the lower three panels the magnetic ﬁeld compo-
nents for ﬂuctuations above 20Hz. The parallel electric ﬁeld com-
ponent show bipolar and off-set bipolar pulses (panel 3) with peak-
to-peak amplitudes ∼3−6mV/m.
Figure 4 corresponds to the time interval of 08:27:17.145
to 08:27:17.202 UT on 20 May 1996 and is contained within
the time period of the second magnetic hole event. Here all
components of electric and magnetic ﬁeld show slow modu-
lations on which high frequency pulses are superposed. The
parallel electric ﬁeld component shows some bipolar struc-
tures with peak-to-peak amplitudes of ∼2–3mV/m during
latter half of the interval.
Figures 5 and 6 show the power spectrum of the electric
and magnetic components for the intervals of Figs. 3 and 4,
respectively. Figure 5 indicates that the power spectral den-
sity decreases with increasing frequency for all components
except Ek. The Ek component does not follow this trend.
It increases up to about 1kHz and then decreases with in-
creasing frequency. The spectrum does not show any well-
resolved peaks which could identify the existence of certain
plasma modes. There could, however, be a possible peak
near 150–200Hz (i.e. close to the lower hybrid frequency) as208 G. S. Lakhina et al.: Association of Alfv´ en waves and proton cyclotron waves with electrostatic bipolar pulses
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Fig. 4. same format as Fig. 3 but for the time interval of
08:27:17.145 to 08:27:17.202 UT on 20 May 1996 during the sec-
ond magnetic hole event. Here all components of electric and
magnetic ﬁeld show slow modulations on top of which high fre-
quency pulses are superposed. The parallel electric ﬁeld compo-
nent shows some bipolar structures with peak-to-peak amplitudes
of ∼2−3mV/m (see the latter half of the interval).
seen by the higher intensity E⊥ component as compared to
the Ek component, but one cannot be sure as it is close to the
lower end of the band pass ﬁlter. Figure 6 shows a clear
prominent peak near 5.1kHz which is below electron cy-
clotron frequency fce≈5.91kHz in all electric and magnetic
components. It is possibly due to the electromagnetic elec-
tron cyclotron wave mode which is almost always observed
in the turbulent boundary layer (Pickett et al., 2001). It is
probable that some of the high frequency modulations noted
in Fig. 4 are due to these electromagnetic electron cyclotron
waves. The peak near the lower hybrid frequency cannot be
resolved here again though E⊥ components are more intense
than the Ek component, similar to Fig. 5. We may point out
that electron plasma frequency fpe∼28kHz cannot be seen as
it falls outside the highest frequency (=25kHz) that can be
measured with HFWR.
Fig. 5. Shows the power spectrum of the electric and magnetic com-
ponents for the intervals of Figs. 3 and 4. Figure 5 indicates that
the power spectral density decreases with increasing frequency in
all but Ek component and does not show any well resolved peaks
which could be identiﬁed as being caused by some plasma modes.
There could be a possible peak near 150–200Hz (i.e. close to the
lower hybrid frequency) as seen by the higher intensity E⊥ panels
as opposed to the Ek panel, but one cannot be sure as it is close to
the lower end of the band pass ﬁlter.
2.4 Electron heating events
Tsurutani et al. (2003) looked into the plasma data, obtained
by the Hydra instrument (Scudder et al., 1995) onboard Po-
lar, during the time of above two magnetic hole events. They
found evidence of electron heating occurring simultaneously
with electron and ion density increases. The electrons are
heated to ∼100–200eV. The electron distributions during the
background interval and during the electron heating interval
were found to be isotropic. They did not ﬁnd any evidence
of electron bi-directional streaming in either case. However,
they notice a ﬁeld-aligned ion beam during the background
interval. The electron and ion density increases were ob-
served inside the magnetic holes.
3 Generation of high-frequency waves and
electron holes
The most popular mechanism for the generation of electron
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Omura et al. (1994,1996), Kojima et al. (1997) and Miyaki
et al. (1998) for explaining Geotail observations of bipo-
lar solitary pulses in the plasma sheet boundary layer (Mat-
sumoto et al., 1994). In this mechanism, the nonlinear satu-
ration of electron beam instabilities occurs by electron trap-
ping in the large amplitude waves leading to the formation
of isolated Bernstein-Green-Kriskal (BGK) potential struc-
tures which reproduce well the signature of electron holes.
The electric bipolar structures observed by FAST (Ergun et
al., 1998a,b) and Polar (Franz et al., 1998; Tsurutani et al.,
1998, 2001; see Lakhina et al., 2000, for a review) have been
interpreted in terms of BGK (Bernstein et al., 1957) phase
space electron holes (Muschietti et al., 1999a,b). Goldman
et al. (1999a,b) and Singh et al. (2001a,b) have explained the
bipolar structures in terms of nonlinear two-stream electron
instabilities. For the case of magnetic hole events analyzed
here, there is no indication of long-lasting bi-directional elec-
tron beams. This would preclude the possibility of electron
hole generation by electron beams. In view of this, Tsuru-
tani et al. (2003) suggested the possibility that the parallel
electric ﬁeld component of the obliquely propagating proton
cyclotron waves can provide a mechanism for short duration
bi-directional electron beams which could provide free en-
ergy for the fast growing electron beam instabilities. Here
we propose that nonlinear Alfv´ en waves and ion cyclotron
waves can supply free energy to excite high frequency wave
modes that eventually lead to electron holes.
3.1 Excitation of high-frequency instabilities by
low-frequency waves
Khazanov et al. (1996, 2000) have demonstrated that large-
amplitude low-frequency waves can generate lower hybrid
waves in the auroral zone and ring current region. The
free energy for driving the lower hybrid waves comes from
the perpendicular current arising from different polarization
drifts between electrons and ions. To understand this mecha-
nism let us discuss ﬁrst the motion of charged particles in the
presence of low-frequency waves.
In the presence of low-frequency waves (e.g. Alfv´ en wave)
propagating obliquely to the ambient magnetic ﬁeld B0
(taken to be along z−direction), the electrons and ions will
acquire different velocities Ue, and Ui. If the frequency of
the low-frequency wave ω0 is much lower than the electron
cyclotron frequency ωce, the electron and ion velocities are
given by (Khaznov et al., 1996),
Ue =
cE × B0
B2
0
− i
e(E · b)b
ω0me
(1)
Ui =
e
mi
 
ω2
ci − ω2
0
 [ωci (E × b) + i ω0 (E × b) × b]
+i
e(E · b)b
ω0mi
(2)
where E=E0 exp(−iω0t) is the electric ﬁeld of the low-
frequency wave, ωci is the ion cyclotron frequency, and b
is unit vector along B0. It is clear from Eqs. (1) and (2) that
Fig. 6. Shows the power spectrum of the electric and magnetic
components for the interval of Fig. 4. There is a clear and promi-
nent peak at a frequency below the electron cyclotron frequency
fce≈5.91kHz. This is present in all electric and magnetic ﬁeld
components.
electrons and ions would have relative velocity U=(Ue−Ui)
with components in both the parallel and perpendicular di-
rections to B0. For E⊥0=Ex0x, these are given by,
ReUk =
eEz0
ω0 me
sinω0t (3)
ReUx = −
ω0Ex0
ω2
cime
sinω0t (4)
ReUy =
cEx0
B0
cosω0t −
eωciEx0 cosω0t
mi
 
ω2
ci − ω2
0
 (5)
Case A: Low-frequency waves without a parallel electric
ﬁeld component
For the case of low-frequency (ω0ωci) Alfv´ en waves
with no parallel electric ﬁeld (Ek=0), it is seen from
Eqs. (3)–(5) that the perpendicular current Ux, arising from
the polarization drift, can drive the lower hybrid wave insta-
bility (Khazanov et al., 1996; 2000) provided
E2
x0
8πnT
≥
ω4
ci
ω2
0ω2
pi
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where n and T are the ion density and temperature (the elec-
tron temperature is assumed smaller that the ion temperature,
i.e.TeTi)andωpi istheionplasmafrequency. Considering
the typical plasma and ﬁeld parameters for magnetic holes as
n=10cm−3, B0=200nT, Te=(100−200)eV, Ti=1000eV,
and taking ω0/ωci=0.1 (i.e. f0=ω0/2π≈0.3Hz), the
minimum electric ﬁeld required for instability is about
Ex0≈870mV/m.
Case B: Ion cyclotron waves with Ek=0
Forthecaseofω0∼ωci andEk=0, itisseenfromEqs.(3)–
(5), that the perpendicular current due to Uy (Hall current)
can drive several instabilities, such as lower hybrid, ion
acoustic wave, etc., depending upon the ratio of Uy/Vti,
where Vti is the ion thermal speed. The minimum electric
ﬁeld required corresponds to Uy>Vti, and is given by the
inequality,
Ex0 >
VtiB0
c
"
ω2
ci
ω2
0
− 1
#
. (7)
Again considering the typical plasma and ﬁeld parameters
for the magnetic hole events observed by Polar, and taking
ω0/ωci≈0.6, the threshold electric ﬁeld for exciting instabil-
ity would be Ex0≈1.0V/m.
Case C: Low-frequency waves with ﬁnite parallel electric
ﬁeld (Ek 6= 0) component
The obliquely propagating Alfv´ en waves or ion cyclotron
waves can have a substantial parallel electric ﬁeld compo-
nent. The ﬁnite Ek component could give rise to strong elec-
tric currents carried mainly by the electrons propagating par-
allel to the ambient magnetic ﬁeld. This current can drive
several high-frequency electron-beam type instabilities.
Theminimumelectricﬁeldrequiredforthebi-streamelec-
tron instability is given by the inequality (Omura et al.,
1996),
eEz0
ω0me
> Vte , (8)
where Vte is the electron thermal speed. This instability gets
saturated by trapping electrons and could lead to electron
holes.
Similarly, the parallel current can give rise to lower-
hybrid, ion acoustic and electrostatic ion cyclotron type in-
stabilities provide the following inequalities are satisﬁed,
Vti <
eEz0
ω0me
< Vte. (9)
Considering Te=200eV and ω0/2π≈0.3Hz, the minimum
parallel electric ﬁeld satisfying the inequality is about
Ek=0.06mV/m. Since the Ek electric components associ-
ated with the obliquely propagating ion cyclotron waves (or
Alfv´ en waves) could be ∼1mV/m, they are expected to ex-
cite several electron-beam type instabilities. In the next sec-
tion we consider a simpliﬁed model of high frequency insta-
bilities excited by the counter-streaming electron beams.
4 Two-Stream instabilities in a magnetized plasma
Let us consider an electron-proton plasma containing low-
frequency waves which are propagating obliquely with re-
spect to the ambient uniform magnetic ﬁeld B0=B0z. We
consider two counterstreaming electron beams propagating
along the magnetic ﬁeld. For simplicity we assume that these
counterstreaming electron beams arise from acceleration by
the parallel electric ﬁeld components of the obliquely propa-
gating ion cyclotron waves, as suggested by Tsurutani et al.
(2003). For simplicity, we would consider here the excita-
tion of electrostatic waves by the counterstreaming electron
beam only and leave the generation of electromagnetic waves
for a future study. The dispersion relation for the electrostatic
waves can be written (Singh et al., 2001b) as,
k2
⊥ε⊥ + k2
kεk = 0, (10)
where
ε⊥ = 1 −
ω2
p1
 
ω − kkVb1
2 − ω2
ce
−
ω2
p2
 
ω − kkVb2
2 − ω2
ce
, (11)
εk = 1 −
ω2
p1
 
ω − kkVb1
2 −
ω2
p2
 
ω − kkVb2
2 , (12)
and k⊥ and kk are the components of the wave vector k along
perpendicular and parallel directions to the ambient magnetic
ﬁeld. Here ωp1(ωp2) and Vb1(Vb2) the electron plasma fre-
quency and the drift speed of the electron beams 1 and 2,
respectively.
We have solved the dispersion relation (10) numerically
by Mathematica for the parametric range relevant to the ob-
served low-frequency waves and plasma during the magnetic
hole events by Polar. The results are shown in Figs. 7–9. In
all of these ﬁgures, the real frequency, ωr, and the growth
rate, γ, are normalized with respect to ωp0. Here ωp0 is the
electron plasma frequency assuming the total electron den-
sity n0=n1+n2, where n1(n2) is the density of the electron
beam 1(2). The wave number k is normalized with respect
to λD1=Vt1/ωp0, the Debye length deﬁned by assuming the
temperature of beam 1 and taking the total electron density.
Figure 7 shows the variation of normalized real frequency
(panel a) and growth rate (panel b) against kλD1 for frac-
tional density R=n2/n0=0.1, 0.3 and 0.5. It is seen that
real frequencies decrease as R increases (cf. curves 1, 2 and
3 of panel a). The growth rates increases with an increase of
R from 0.1 to 0.5 (cf. curves 1, 2 and 3 of panel b). With
further increase in R, the growth rate starts decreasing and
instability vanishes for R=1.0 (not shown). The range of
unstable wave numbers increases when R is increased.
Figure 8 shows the dispersion relation for different values
of the wave angle of propagation, i.e. tanθ=k⊥/kk=0.0, 1.0
and 5.0 for the curves 1, 2 and 3 respectively. It is seen that
at tanθ=1 and 5, there are 3 unstable regions in wave num-
ber space instead of just one unstable region for the tanθ=0G. S. Lakhina et al.: Association of Alfv´ en waves and proton cyclotron waves with electrostatic bipolar pulses 211
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Fig. 7. The variation of normalized real frequency ωr/ωp0
(panel (a)) and growth rate γ/ωp0 (panel (b)) plotted against
kλD1 for fractional density values R=n2/n0=0.1, 0.3 and 0.5
for the curves 1, 2 and 3, respectively. Other parameters are:
Vb1=0.0,Vb2=20.0, Tb1/Tb2=1.0, and the electron cyclotron to
electron plasma frequency ratio, ωce/ωp0=0.2.
case. It appears that the unstable region corresponding to the
highest values of kλD1 is the Langmuir beam-plasma mode
and that corresponding to the lowest values is the ion acous-
tic/lower hybrid type. The middle unstable region covers the
intermediate frequency range of ωlh<ωce<ωp0. The unsta-
ble wave numbers shift towards higher values of kλD1 (i.e. to
shorter wavelengths) for large propagation angles. However
the growth rates tend to decrease as tanθ increases.
Figure 9 shows the dispersion relations for different val-
ues of the ratio ωce/ωp0 (0.5, 1.0 and 5.0) for the curves 1,
2 and 3, respectively. Here again there are more than one
unstable wave number regimes for some parameters. How-
ever, it is interesting to note that the number of unstable win-
dows decreases as ωce/ωp0 increases. The growth rates cor-
responding to the ﬁrst unstable regime show increase with an
increase of the ωce/ωp0 ratio.
Now, for the parameters of the magnetic hole events,
we can take n0=10cm−3, B0=200nT, Te=200eV
and Ti=1000eV, this gives fp0=ωp0/2π=28.4kHz,
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Fig. 8. The variation of normalized real frequency ωr/ωp0
(panel (a)) and growth rate γ/ωp0 (panel (b)) plotted against kλD1
for R=n2/n0=0.1, and for different values of the wave angle of
propagation, tanθ=k⊥/kk=0.0, 1.0 and 5.0 for the curves 1, 2 and
3, respectively. Other parameters are the same as in Fig. 7. There
aremorethanoneunstablewavenumberregionsforobliquelyprop-
agating waves.
fce=ωce/2π=5.6kHz, and λD1=30m. Also, we get
ωce/ωp0=0.197 which is quite close to the value 0.2
taken for Figs. 7–9. Further, our choice of normalized
relative drift speed, U=(Vb2−Vb1)/Vt1=20 appears
to be reasonable in view of the fact that the observed
parallel electric ﬁelds associated with the obliquely prop-
agating low-frequency waves are at least one order of
magnitude higher than the threshold value. Then, from
Figs. 7–9, we observe that real frequencies of the ex-
cited modes are f∼(0.01−1.2) fp0=(0.28−34)kHz.
The peak growth rate γ varies over a wide range, from
∼(0.01−0.35) fp0=(0.28−9.9)kHz. The unstable wave
numbers associated with the maximum growth rates oc-
cur in the range of kλD1∼(0.05−0.5). This would give
the corresponding unstable wavelengths λ=(2π/kλD1).
λD1=(375−3750)m. The e-folding time of the excited
modes is ∼(0.1–3)ms, so we expect that it would take a few
tens of ms to saturate the instabilities. Simulations of Omura
et al. (1994, 1996) show that the bistream instability starts212 G. S. Lakhina et al.: Association of Alfv´ en waves and proton cyclotron waves with electrostatic bipolar pulses
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Fig. 9. The variation of normalized real frequency ωr/ωp0
(panel (a)) and growth rate γ/ωp0 (panel (b)) plotted against kλD1
for R=n2/n0=0.1, tanθ=k⊥/kk=1.0, and ωce/ωp0=0.5, 1.0
and 5.0 for the curves 1, 2 and 3, respectively. Other parameters
are the same as in Fig. 7.
trapping the electrons after time steps of t=(100−400)tp0,
where tp0=1/fp0 is the time period of the electron plasma
frequency. Further, particle simulations of beam-plasma
instabilities by Singh et al. (2001) also show that electron
holes usually occur for time period of (100–400)tp0. For the
case of electron holes in the present case, it would translate
to time scale of ∼(3−15)ms. Therefore we expect that some
of the beam modes studied here would saturate by trapping
electrons and would produce signatures of bipolar pulses or
electron holes. This time scale is short enough compared to
the time period (∼0.5s for the cyclotron waves and a few
tens of seconds for the Alfv´ en waves) of the low-frequency
waves such that the assumption of constant electric ﬁeld
acting on the plasma is justiﬁed.
5 Discussion
Tsurutani et al. (2003) put forward a scenario to ex-
plain the observations of low-frequency waves (Alfv´ en and
electromagnetic ion cyclotron waves) in conjunction with
electron heating and electric bipolar pulses. According to
them, the low-frequency waves are the free energy source
for the electron heating and electric bipolar pulses. We have
extended their argument and tried to provide a theoretical
model for this scenario based on the idea ﬁrst proposed by
Khazanov et al. (1996, 2000) for the generation of lower hy-
brid waves by large amplitude low-frequency waves in the
auroral zone and ring current region. Our analysis shows
that the instabilities driven by the perpendicular current are
not possible for the case of magnetic hole events as they re-
quire very large low-frequency wave amplitude E⊥0∼1V/m.
On the other hand, the observed Ek of the obliquely propa-
gating low-frequency wave (Alfv´ en and electromagnetic ion
cyclotron waves) are strong enough to give rise to several
high-frequency electron beam instabilities. Itis hypothesized
that some of these modes could saturate by trapping electrons
leading to electron hole generation. We have also shown the
presence of clear electromagnetic electron cyclotron mode
from the analysis of HFWR data. The present model is elec-
trostatic and cannot explain this mode. This will be investi-
gated and reported elsewhere.
The electron heating events are most likely produced ei-
ther by the Ponderomotive force of the low-frequency waves
or by the heating/acceleration by the parallel electric ﬁeld
component of the obliquely propagating ion cyclotron waves
as suggested by Tsurutani et al. (2003). Some of the high fre-
quency modes could also produce electron heating along the
magnetic ﬁeld direction. We have not addressed the issue re-
lated to the generation of low-frequency waves. One possible
sourceoftheAlfv´ enwavesiscreationbythepulsedmagnetic
reconnection in the cusp with consequential propagation into
the magnetosphere to the spacecraft location. Furthermore,
we have also not addressed the issue of generation of elec-
tromagnetic electron cyclotron waves. These two fascinating
topics are left for the future studies.
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